Mitochondrial function is the key factor in the regulation of energy metabolism and is closely related to the generation and prevention of lifestyle-related diseases. We established a cellular fluorescence imaging method for the evaluation of mitochondrial function. Confocal microscopy revealed that the flavoprotein fluorescence was of mitochondrial origin. The flavoprotein fluorescence intensity was increased under elevated electron transport activity, while decreased under reduced electron transport activity. Activation of the mitochondrial ATP-sensitive K + channel induced an increase in flavoprotein fluorescence. The present imaging method would be useful for further studies on the regulation of mitochondrial function and its nutritional significance.
Introduction
Mitochondrial function is the key factor in the regulation of energy metabolism and is closely related to the generation and prevention of lifestyle-related diseases [1] [2] [3] [4] [5] [6] . Skeletal and cardiac muscles, major energy consumers in the human body, largely rely on the mitochondrial oxidative phosphorylation as a source of cellular ATP. Loss of mitochondrial function plays a significant role in the pathophysiology of ischemic diseases including angina pectoris and myocardial infarction [7, 8] . For the studies of the molecules involved in mitochondrial function, isolated mitochondria or mitochondrial homogenates has been widely used [9] . For the analysis of mitochondrial regulation, however, observation of mitochondrial function in the intact cell is highly desired. Thus, in the present study, we intended to establish a cellular fluorescence imaging method for the evaluation of mitochondrial function. We focused on cellular flavoprotein fluorescence as an index of mitochondrial respiration [10, 11] . We visualized the intracellular localization of flavoprotein fluorescence and pharmacologically analyzed its correlation with mitochondrial electron transport activity and intracellular ATP status.
Methods
Guinea-pig ventricular cardiomyocytes were obtained by Langendorff perfusion of the heart with collagenase solution as previously described [8] . Mouse fibroblast-derived 3T3-L1 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) high glucose (GIBCO) under humidified 5% CO 2 atmosphere. On observation, cells were placed in a chamber on the stage of a confocal microscope (LSM510, Carl Zeiss) or an epifluorescent microscope (IX70, Olympus) and maintained at 37°C. Two dimensional images of cellular flavoprotein fluorescence were obtained under excitation at 488nm. The time course of the whole cell fluorescence intensity was calculated with Aquacosmos software (Hamamatsu Photonics). Tetramethylrhodamine ethylester (TMRE) fluorescence was imaged under excitation at 543nm by confocal microscopy as in our previous studies [8, 12] .
Results
In isoltated guinea-pig cardiomyocytes, flavoprotein fluorescence was observed throughout the cell except for the nuclei in a streaky fashion (Fig. 1A) . Staining of the cell with TMRE, a fluorescent mitochondrial marker, resulted in a similar fluorescence pattern (Fig.  1B) . Merging of the two images revealed that they were in good correlation (Fig. 1C) . 
Discussion
Various cell types show autofluorescense in the wavelength range of 500 to 600nm due to flavoproteins present in the mitochondria [10, 11] . The chromophore of flavoproteins is the flavin-adenine dinucleotide (FAD) whose fluorescence intensity is sensitive to its oxidation-reduction status; the oxidized form, FAD, is fluorescent, but the reduced form, FADH 2 , is not. In the present study, we obtained images of flavoprotein fluorescence in intact cells to demonstrate its value for the investigation of mitochondrial function. The cellular distribution of flavoprotein fluorescence correlated well with that of TMRE indicating that the flavoprotein fluorescence originates mainly in the mitochondria (Fig. 1) .
We next examined the relationship of flavoprotein fluorescence intensity and mitochondrial electron transport activity using pharmacological interventions. The mitochondrial uncouplers, DNP and FCCP, abolish the proton concentration gradient across the mitochondrial inner membrane and accelerate the electron transport. Conversely, cyanide inhibits the electron transport by inhibiting the complex IV. In the present study, application of mitochondrial uncouplers markedly increased, while cyanide reduced cellular flavoprotein fluorescence (Fig. 2) . This indicates that increases and decreases in the flavoprotein fluorescence of intact cells reflects increases and decreases in the mitochondrial electron transport activity, respectively. Our present observations in cardiomyocytes ( Fig. 2A ) agree with those of earlier studies [13] . Similar phenomenon was observed in 3T3-L1 cells (Fig. 2B) and has also been reported in neurons [14] . Thus, flavoprotein fluorescence appears to be a useful indicator of electron transport activity in various cell types.
We further examined whether flavoprotein fluorescence is influenced by cellular energy status. In general, mitochondrial electron transport is accelerated under reduced cellular ATP concentration. One of the mechanisms involved is the mitochondrial ATP-sensitive K + channel present on the inner membrane. A decline in ATP concentration allows opening of the channel, resulting in depolarization of the mitochondrial inner membrane which is considered to accelerate the electron transport flow [15] . Diazoxide, which mimics ATP deficiency by opening the mitochondrial ATP-sensitive K + channel, produced an increase in flavoprotein fluorescence; this phenomenon was not observed in the presence of 5-hydroxydecanoate, an inhibitor of the mitochondrial ATP-sensitive K + channel (Fig. 3) . These results indicate that the flavoprotein fluorescence is sensitive to ATP concentration and thus reflects cellular energy status. Recent studies suggest that flavoprotein fluorescence is also related to intracellular Ca 2+ dynamics [16] . Thus, flavoprotein fluorescence measurement provides a means to study the factors involved in the regulation of mitochondrial function in intact cells under physiological and various pathophysiological conditions. Its contribution to nutritional science is anticipated. 
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